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Abstract 
The numerical friction factor and Nusselt number data for laminar flow through a square channel fitted with angular cut wavy tape 
has been presented. Fixed angles of 45o angular cut wavy tape were used as swirl flow generators inside the square channel. The 
angular cut wavy tape inserts with different wave ratio (y = 1.0, 3.0, 4.5), have been investigated for different inlet velocity. The 
computations were conducted with Reynolds number ranging from 100 to 2000 using ethylene glycol (Pr = 150) as the working 
fluid. The thermohydraulic performance has been evaluated.  Use of angular cut wavy tape leads to considerable increase in heat 
transfer when compared with no angular cut wavy tape. The overall enhancement ratio has been calculated in order to discuss the 
overall effect of the angular cut twisted tape. This result is useful for the design of solar thermal heaters and heat exchangers. 
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1. Introduction 
Laminar flow is being confronted in different industrial applications. A major thermal resistance in the bulk flow 
in addition to the dominant thermal resistance in the thin boundary layer adjacent to the flow is present in laminar 
flow. So to mix the gross flow effectively wavy strip inserts are used in laminar flow to reduce the thermal resistance 
in the core flow through the channel. 
Angular cut wavy strip as shown in Fig. 1(a) make the flow wavy nature along the channel length. Early works on 
wavy tapes have been reported by Saha [1]. Fig. 1(b) shows the layout of a square channel having full-length angular 
cut wavy tape. 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICCHMT2016
20   Suvanjan Bhattacharyya et al. /  Procedia Engineering  157 ( 2016 )  19 – 28 
Saha et al. [2–6] had done experiment on laminar flow through different types of channel having different vortex 
generator inserts. Goldstein and Sparrow [7] reported experimentally on wavy-walled channel on laminar, transitional 
and low Reynolds number turbulent flow. Sriromreun et al. [8] investigated the heat transfer and flow friction 
characteristics in a channel fitted with Z-shape baffles as a turbulator. Designing various tube shapes, the thermal 
boundary layer disrupted by swirl to enhance heat transfer performance. Some researchers uses different  tubes to 
enhance heat transfer like; transverse groove tubes as a enhancing tools [9], spiral grooved ducts [10], converging–
diverging channels [11], corrugated tube with twisted-tape insert [12,13], sinusoidal tubes [14], and finned ducts 
[15,16] are all effective designs for improving the heat transfer surface in the boundary flow. 
 
 
Nomenclature 
Ao  plain channel flow cross-sectional area  
D  internal diameter of the plain duct 
d  Width of the tape 
f  dimensionless friction factor 
g  acceleration due to gravity  
Gr  Grashof number 
Gz  Graetz number 
H  wavy strip pitch  
hz  axially local heat transfer coefficient  
L  axial length, length of the duct  
m   mass flow rate 
Nu Nusselt number 
ིP  pressure drop  
P  wetted perimeter  
Pr Prandtl number 
Re  Reynolds number 
Ra  Rayleigh number 
y  wave ratio 
 
Greek symbols  
 
β  angular cut 
 
 
Subscripts 
 
f  bulk fluid 
i  inlet 
m  mean 
o  outlet 
w  tube wall  
 
It has been observed from the literature that the angular cut wavy tape inserts has not been reported in the past. In 
this paper, therefore, the laminar flow numerical heat transfer and pressure drop results of full-length angular cut 
wavy-tape inserts in square channel are presented. 
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(a) (b) 
 
Fig.1 (a) Angular cut wavy tape; (b) Layout of a square channel having full-length angular cut wavy strip. 
 
2. Model and Governing Equations 
This simulation investigate transport phenomenon in channel with angular cut wavy tape. The Reynolds number varies 
between is 100 - 2,000 with three wave ratio (y = H/d) 1.0, 3.0 and 4.5. A fixed angle of 45o angular cut wavy tape 
was used in the present computation. 
 
The simplified form of continuity, momentum and energy equations for a three dimensional, steady state, 
incompressible flow and laminar forced convection heat transfer without viscous dissipation are given below. 
 
Continuity equation: 
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Energy Equation: 
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3. Numerical Solution Procedure 
 
In the present paper a numerical investigation is conducted to analyze the three-dimensional incompressible Navier–
Stokes flows through a channel with effect of angular cut wavy tape. The commercial finite-volume based CFD 
ANSYS FLUENT 16.0, has been used to simulate fluid dynamics and heat transfer.  
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The assumptions were made in the mathematical model: 
 
i)  The flow is steady, fully developed, laminar and three dimensional. 
ii) The thermal conductivity of the channel wall and roughness material does not change with temperature. 
iii)  The channel wall and roughness material is homogeneous and isotropic. 
 
The working fluid, ethylene glycol (Pr = 150) is assumed to be incompressible for the operating range of solar 
heaters since variation in density is very less.  
 
Three dimensional governing equations shown above are discretized on a non-uniform unstructured grid using 
finite volume method. The pressures were calculated using semi implicit pressure linked equations (SIMPLE) scheme. 
 
Due to wave, a turbulent flow will be generated and with changing the wave ratio, the number and intensity of 
these vortex generation and swirling flows will changed along the flow direction. The width of the wavy-tapes of the 
present study is 10 mm and length of the tape is 2.0 m. The wave ratios (y), 1.0, 3.0, and 4.5 are tested. The discretized 
equations are then linearized using an implicit technique and solved using third order accurate QUICK scheme. The 
convergence criteria for continuity, momentum and energy are set at 10-4, 10-5, and 10-7 respectively. 
 
Different grid sizes were tested as part of grid independence study as shown in Fig. 2(a).  From the Fig. 2(a) one 
can see that Nusselt number is less that 4% among the other grids. A mesh consisting of 977,000 cells were used for 
the present computation. Fig. 2(b) shows meshing of angular cut wavy tape. 
 
 
 
 
(a) (b) 
 
Fig. 2 (a) Grid independence study; (b) Mesh of angular cut wavy strip. 
 
The Reynolds number of the flow in the channel is calculated from, 
 
ܴ݁ ൌ ௏஽೓ఔ ൌ 
ఘ௏஽೓
ఓ          (4) 
Steady state values of the plate and air temperatures in the duct at various locations were used to determine the 
values of useful parameters, namely heat supplied to the fluid “Qu” and heat transfer coefficient “h” calculated as: 
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Qu = m Cp (Tao – Tai)        (5) 
݄ ൌ  ொೠ஺೛ሺ೅ೢష೅೑ሻ
         (6) 
 
The convective heat transfer coefficient is then used to obtain Nusselt number, Nu, as, 
 
ܰݑ ൌ ௛஽೓௞                      (7) 
 
The friction factor is determined from the measured values of pressure drop (∆P), across the test section length. 
 
݂ ൌ ʹ߂ܲܦ௛Ͷߩܮܸଶ  
 
or, ݂ ൌ  ଶ௱௉஽೓ସ௅ீమ          (8) 
 
Where, ܩ ൌ ௠ௐுis the mass velocity. 
 
To evaluate the effect of heat transfer enhancement under given pumping power, the performance evaluation criteria 
Fan et al [17] is employed as; 
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Where Nu and Nu0 are Nusselt numbers for the enhanced tube and the smooth tube respectively, f and f0 are friction 
coefficients for enhanced tube and smooth channel respectively. 
 
4. Result and Discussion 
 
By doing computations, the result obtained for heat transfer and friction factor characteristics in the plain square 
channel are verified in terms of Nusselt number and friction factor.  
The computational analysis for the plain square channel are showing some promising agreement with the predicted 
results from the proposed correlations as shown in Fig. 3(a) and (b). 
 
Following formulae were used to calculate the dimensionless parameters [18]: 
  
Graetz number:     ܩݖ ൌ  గସ
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             (10) 
 
Rayleigh number: Ra = Gr × Pr         (11) 
 
  
Grashof number: ܩݎ ൌ ݃ߚ൫ ௪ܶǡ௠ െ ௙ܶǡ௠൯ܦଷȀݒଶ      (12) 
 
 
Correlation proposed by Churchill and Ozoe [19] for laminar flow is, 
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f = 57/Re           (14) 
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In Fig. 4, Rayleigh number is plotted vs. the Reynolds number. When the fluid properties changes with temperature 
and then it turns as a function of flow rate, then Rayleigh number becomes a function of Reynolds number. From the 
Fig. 4 one can see that Rayleigh number decreases with the increase of Reynolds number. As the Rayleigh number 
decreases it indicate that the flow slowly moves towards turbulent regime.  
 
  
(a) (b) 
 
Fig. 3(a) Validation of the plain channel for Nusselt number; (b) Validation of the plain channel for friction factor  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Rayleigh number variations with Reynolds number for different twist ratio 
 
The variation of Nusselt numbers with Reynolds number of angular wavy tape of different twist ratio are shown in 
Fig. 5(a). At the similar operating conditions, Nusselt numbers (Nu) of different twist ratio were found to be 
consistently higher than those of the base case. Nusselt number (Nu) considerably increases with increasing Reynolds 
number, reflecting the increase of convective heat transfer in Fig. 5(a). Smaller twist ratio has the highest Nusselt 
number and the base case has the lowest heat transfer. Fig. 5(b) shows the variation of friction factor with Reynolds 
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number. One can see from the Fig. 5(b), friction factor increase as Reynolds number and twist ratio decrease. As 
expected that small twist ratio has the highest pressure drop. 
 
  
(a) (b) 
Fig. 5(a) Variation of Nusselt number with Reynolds number for different twist ratio; (b) Variation of friction factor with Reynolds 
number for different twist ratio 
 
Fig. 6(a) shows the variation of Nusselt numbers with Reynolds number for combine effect of twist ratio and 
angular cut. It can be seen that wavy tape with angular cut can significantly enhance heat transfer than without angular 
cut. The Nusselt number increases with the increase of Reynolds number reflecting the increase of convective heat 
transfer. Lower twist ratio with 45o angular cut shows highest heat transfer while the plain channel has the lowest heat 
transfer. Fig. 6(b) shows the variation of Nu/Nu0 with Reynolds number. Nu/Nu0 is the ratios of the transfer of heat 
between strips with plain channel. Compared to plain channel and without angular cut wavy tape, 450 angular cut 
wavy tape shows promising heat transfer because all the datas are more than unity thought the varied Reynolds number 
range. This enhancement is due to secondary flow and generation of recirculation zone inside the channel. 
  
Friction factor results are presented in Fig. 7(a). It is seen from Fig. 7(a) that as the Reynolds number is increased, 
the friction factor decreases constantly. At very low laminar region the friction factor is more. 45o angular cut wavy 
strip shows maximum pressure penalty than without angular cut wavy tape over the entire Reynolds number range. 
Fig. 7(b) shows the ratio of friction factor of wavy strip to plain channel. One can see from the Fig. 7(b) that almost 
all the values are above unity that means the pressure drop is much more than the plain channel. At around Re 500 
shows maximum pressure penalty. But, at the downstream end the curve follows decreasing trend. 
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(a) (b) 
Fig. 6(a) Variation Nusselt number with Reynolds number for combine effect of twist ratio and angular cut; (b)  
Variation Nu/Nu0 with Reynolds number for combine effect of twist ratio and angular cut 
 
 
 
(a) (b) 
 
Fig. 7(a) Variation friction factor with Reynolds number for combine effect of twist ratio and angular cut; (b)  
Variation f/f0 with Reynolds number for combine effect of twist ratio and angular cut 
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Fig. 8 Variation of thermal efficiency with Reynolds number for effect of twist ratio and angular cut 
 
Fig. 8 shows the curve of the thermo-hydraulic performance parameter (Ƞ). By doing the entire computational 
investigation on angular cut wavy tape of different twist ratio it was found that efficient from the energy point of view 
and enhancement efficiency was found greater than the unity. Angular cut wavy tape of wavy ratio y = 1.0 & β 45o is 
much dominant than the other tested tape in low laminar region. Also, as the Reynolds number increases angular cut 
wavy tape of wavy ratio y = 3.0 & β 45o showing some promising results. The enhancement efficiency above unity 
indicated that the effect of heat transfer enhancement due to the wavy tape was more dominant than the effect of rising 
friction and vice versa. 
 
5. Conclusion  
 
The computational friction factor and Nusselt number data for angular cut wavy tapes are presented. The thermo-
hydraulic performance has been evaluated. Angular cut wavy tape with small wavy ratio significantly better in low 
laminar region. Angular cut wavy tape of wave ratio of y = 3.0 & β 45o have some result at higher Reynolds number 
range than the other tested tape. Also, the performance value is almost more than unity for all the cases in laminar 
region. This research finding is useful in designing tubes carrying solar thermal preheater and heat exchangers. 
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